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Introduction
Positive-strand RNA ((+)RNA) viruses replicate in association with host membranes (Miller and Krijnse-Locker, 2008) . This association results in rearrangement of cellular membranes to accommodate viral replication machineries, hide viral RNA and proteins from host defense systems and provide an environment to concentrate host and viral factors for viral RNA (vRNA) synthesis (den Boon and Ahlquist, 2010; Verchot, 2011) . Among different groups of (+)RNA viruses the virusinduced membraneous replication complexes vary greatly in their origin, size, and shape (reviewed in . The formation of viral replication complexes (VRCs) in (+)RNA viruses requires an orchestrated assembly of many host and viral proteins (Mine and Okuno, 2012) . Host factors involved in viral multiplication represent potential targets for virus control and therefore their identification and functional characterization is important.
The genus Potyvirus is economically one of the most devastating groups of plant viruses in the world affecting the production of nearly all cultivated plant species. The genome of potyviruses is a positive-sense single-stranded RNA of approximately 10 kb. Ten out of eleven potyviral proteins are synthesized from a large open reading frame (ORF) whereas the eleventh protein, P3N-PIPO, is produced from a separate partially overlapping ORF (reviewed in Revers and García, 2015) . P3N-PIPO expression is enabled by transcriptional slippage, specific for viral RNA polymerase (Olspert et al., 2015; Rodamilans et al., 2015) . Formation of potyviral VRCs is initiated at the endoplasmic reticulum (ER) wherefrom the individual VRC vesicles are transported to chloroplasts via the endosomal trafficking pathway aided by the actomyosin system Wei and Wang, 2008) .
As the infection progresses, these vesicles fuse with chloroplasts in a process requiring plant SNARE protein Syp71 (Wei et al., 2013) . Finally, late in the infection, the chloroplast-associated VRCs aggregate into large perinuclear globular structures (Grangeon et al., 2012) .
The hydrophobic membrane-associated potyviral protein 6K2 is a multifunctional protein participating in VRC formation, long distance movement and symptom development (Rajamäki and Valkonen, 1999; Spetz and Valkonen, 2004) .
6K2 is able to induce vesicle formation at ER membranes even in the absence of infection (Beauchemin et al., 2007; Schaad et al., 1997; Thivierge et al., 2008) . Most of the potyviral proteins, including P3, CI, 6K2, VPg, NIapro and NIb, have been shown to associate with 6K2-induced VRCs (Beauchemin et al., 2007; Cotton et al., 2009; Dufresne et al., 2008) . The RNA helicase activity of CI (Carrington et al., 1998; Fernández et al., 1997; Kekarainen et al., 2002) , the putative role of VPg as a primer for RNA synthesis (Anindya et al., 2005; Puustinen and Mäkinen, 2004; Rantalainen et al., 2011) and the RNA synthesis activity of NIb (Hong and Hunt, 1996) are essential for amplification of viral RNA. Although P3 is also required for replication (Klein et al., 1994) , the molecular mechanism how it exerts its replication-associated function is not clear. P3N-PIPO and CP are dispensable for replication (Mahajan et al., 1996; Wen and Hajimorad, 2010) .
Host factors have various roles in replication including RNA recruitment, assembly and activation of VRCs, (-)-and (+)strand synthesis activity, asymmetry in (+)strand production and adjustment of the lipid composition (e.g. Barajas et al., 2014; Huang et al., 2012; Wei et al., 2013; reviewed by Nagy and Pogany, 2012 and Wang, 2015) . Reconstitution of various replication reactions in yeast extracts supplemented with viral replication proteins has been a powerful tool to study the specific roles of the host proteins in tombusvirus replication . Although such an experimental tool is not available to study the replication reactions of potyviruses, a lot of biochemistry and cell biology work has been done to identify host proteins associated with 6K2-induced vesicles. The importance of these structures for viral replication is emphasized by the presence of double-stranded viral RNA and active vRNA synthesis in Turnip mosaic virus (TuMV)-induced vesicles (Cotton et al., 2009 ).
Paul and colleagues used a membrane pull-down approach to study the molecular composition of membranous replication compartments of human Hepatitis C virus (HCV; family Flaviviridae). They isolated double-membrane vesicles (DMVs) and demonstrated active HCV RNA synthesis in them. Further biochemical and morphological studies revealed the presence of many viral and host proteins in DMVs as well as details of their lipid composition.
We chose a similar approach to study the protein composition of potyviral VRCs. 6K2 protein fused to an affinity tag and Cerulean fluorescent protein (CFP) was used to purify 6K2-induced membrane structures from PVA infected Nicotiana benthamiana plants. Although 6K2 appears to be an optimal marker protein for potyviral VRCs, it doesn't readily tolerate modifications in its natural genomic context (Spetz and Valkonen, 2004) . To overcome this, an additional copy of 6K2 gene is usually inserted to a different location in the genome. Successful visualization of TuMV VRCs has been achieved using this approach (Cotton et al., 2009; Thivierge et al., 2008; Wei et al., 2010) . We inserted the Strep-tagged CFP fused 6K2 protein in between NIb and CP coding regions and purified the membrane structures from infected and non-infected N. benthamiana leaves.
Our main goal was to identify the protein composition of the PVA VRCs.
To achieve this, we performed a proteomic analysis of the purified 6K2-induced membrane structures. These data produced will facilitate functional studies of the host proteins involved in potyviral replication in future.
Results

Establishment of infectious PVA cDNA encoding Twin-Strep-tagged 6K2
We set out to purify the putative PVA VRCs via the membrane-associated 6K2 protein. To allow visualization of the 6K2-induced structures, we expressed the 6K2 with a fluorescent marker from PVA infectious cDNA (icDNA). PVA-C6K construct allowed the expression of CFP in fusion with the N-terminus and PVA-6KY construct yellow fluorescent protein (YFP) in fusion with the C-terminus of the 6K2 protein ( Fig.   1 ). NIa protease cleavage sites were engineered to flank the 6K2 fusion protein to aid the polyprotein processing.
Agrobacterium infiltration was used to introduce PVA-C6K and PVA-6KY icDNAs into Nicotiana benthamiana leaves. Both viruses were spreading approximately with a similar speed ( Fig. S1 ). Next, we studied the infection of PVA-C6K and PVA-6KY by confocal microscopy (Fig. 2a ). Scattered individual vesicles and hardly any aggregation with chloroplasts was observed with CFP-6K2 ( Fig. 2a left panels) whereas 6K2-YFP -induced vesicles associated predominantly with chloroplasts ( Fig. 2a middle panels). The lack of CFP-6K2 chloroplast labeling was a puzzling observation since VRC vesicle fusion with the outer chloroplast membrane is required for replication . We therefore studied the infection in the systemic leaves by electron microscopy (Fig. 2b ). The hallmarks of potyviral infection, cylindrical inclusions, and virus particles were observed in both PVA-C6Kand PVA-6KY-infected cells. We concluded that both viruses, PVA-C6K and PVA-6KY, caused normal infection.
To establish which virus, PVA-C6K or PVA-6KY, should be used for purification, we used GFP-trap purification, which allows isolation of fluorescent fusion proteins. The N-terminally fused CFP gave better yields ( Fig. 2c ), suggesting that the tag is better exposed in this orientation, which led us to choose PVA-C6K for the purification of VRCs.
Twin-Strep-tag (hereafter 2xStrep-tag) consists of two copies of an eight amino acids (WSHPQFEK) long peptide, and allows efficient purification of proteins under native conditions (Schmidt and Skerra, 2007) . We fused 2xStrep-tag encoding sequence to CFP-6K2 gene in PVA-C6K, thus creating PVA-SC6K icDNA. Systemic infection by PVA-SC6K was confirmed by an immunoblot analysis ( Fig. 2d ). PVA-C6K was used as a control to verify tag-specific purification of the proteins. In addition, we cloned a membrane control construct (MC-SC6K; Fig. 1 ) to express monocistronic SC6K from a plant expression vector (mcSC6K). The purpose of MC-SC6K control was to reveal the host proteins associated with 6K2-induced membranous structures in the absence of a replicating virus. Excluding these proteins from the final list should therefore reveal proteins present in the membranous replication structures during infection.
Purification and characterization of membranous 6K2-induced structures from
PVA infected cells
To obtain PVA 6K2-induced membranous structures, Nicotiana benthamiana plants were Agrobacterium infiltrated to initiate PVA-SC6K and PVA-C6K infections and MC-SC6K expression. The systemically infected leaves were collected at 10 days post infiltration (dpi) and leaves transiently expressing mcSC6K at 4 dpi. The purification scheme is depicted in Fig. 3a . The membranous SC6K-and C6Kassociated structures were enriched by sucrose gradient centrifugation prior to affinity purification. The presence of C6K or SC6K in the collected fractions was confirmed by Western blotting with an anti-GFP antibody. The Western blot analysis revealed that most of SC6K was concentrated to the fraction five in the virus-infected samples ( Fig. 3b , left panel). In the non-infected mcSC6K expressing sample the signal concentrated to fractions 5-7 ( Fig. 3b , right panel). This analysis revealed also the presence of an approximately 27 kDa product, representing free CFP, which explains the cytoplasmic background fluorescence observed in confocal microscopy (see Fig. 2b ). Free CFP in the top fractions showed that the SC6K-containing fractions were well separated from those containing soluble cytosolic proteins. The affinity purification of SC6K-containing membranes was carried out on a Strep-Tactin matrix from fractions 5 of each sample. A clear enrichment of SC6K was observed in the PVA-SC6K sample eluate whereas no C6K was detected in the PVA-C6K sample eluate (Fig 3c) , indicating efficient tag-specific purification. A clear difference in the total protein content between the purified PVA-SC6K proteins and the controls was detected in the silver-stained gels (Fig 3d) . Protein quantification from the purified membranes showed that the PVA-SC6K and MC-SC6K samples contained higher concentration of proteins than the PVA-C6K samples (Fig. S2 ).
Quantitative RT-PCR showed that PVA RNA copy number was greater in PVA-C6K than in PVA-SC6K input prior to purification and vice versa after purification ( Fig.   S3 ), indicating that the yield of PVA RNA was significantly higher from PVA-SC6K sample than from PVA-C6K control. Approximately 5.2% of PVA RNA present in the input was recovered in the PVA-SC6K sample compared to approximately 0.6% in the PVA-C6K control the fold of enrichment being 8.7 (Fig. 4a ). RT-PCR with both (+)-and (-)-strand PVA RNA specific primers revealed a strong (+)-strand and a weak (-)-strand specific signal in the PVA-SC6K sample, showing that it contained PVA RNA of both polarities (Fig. 4b) . A weak (+)-strand specific signal in the PVA-C6K control sample suggests that some unspecific binding of C6K-containing membranes and / or PVA particles to Strep-tactin matrix took place. Western-blot analysis with VPg antibody revealed tag-specific purification of the essential replication protein VPg in the PVA-SC6K sample (Fig. 4c ). The origin of the high molecular weight signal in the VPg blot is not clear. It may represent polyprotein intermediates, protein complexes that were not fully dissociated during SDS-PAGE or VPg-RNA complexes.
We compared negatively-stained 6K2-membranes from PVA-SC6K infection and from the controls under electron microscopy (EM; Fig. 5 ). The analysis showed that 2xStrep-tagged samples, from PVA-SC6K infection and mcSC6K expression, Table S1 .
The number of peptide spectrum matches (PSMs) in the purified PVA-SC6K vesicle sample was the highest for the bait protein SC6K. Out of 40 identified SC6Kpeptides 7 corresponded to 6K2, 4 to 2xStrep and 29 to CFP. The second highest PSM scores were those of the viral proteins CI and HCpro with almost identical PSM scores, 137 and 136, respectively (see Table 1 ). Both CI and HCpro were identified also from PVA-C6K control sample but had significantly lower PSM scores, 2 and 3, respectively. Therefore, it is clear that both CI and HCpro were purified in a tagspecific manner and are abundantly present in SC6K-induced vesicles during PVA infection. The viral proteins P3, 6K1, VPg, NIa-pro and NIb were detected with high confidence and can be thought to associate genuinely with the 6K2-induced vesicles during infection. The presence of CP is at least partially unspecific. CP's PSM score in the PVA-SC6K sample was 3.6 times higher compared to the PVA-C6K control sample (18 vs 5, respectively). Undoubtedly, virions contributed to the presence of CP in the MS data as EM analysis revealed PVA particles in both PVA-SC6K and PVA-C6K samples (see Fig. 5 ). One viral P1 protein-specific peptide was found in only one of the three biological replicates. Two N-terminal peptides from P3 could be derived from P3N-PIPO but no peptides matching to the PIPO part were identified.
Next the host proteins identified by LC-MS/MS were sorted in to a list presenting the host proteins which were identified with the highest confidence and fold of enrichment compared to the controls. The final list, presented in Table 2 , contains proteins for which peptides were found in at least two biological replicates amounting to at least four peptides, two of them unique. The threshold value for the fold of enrichment calculated from PSM values was set to at least 10 times higher than in either of the controls. Altogether 94 cellular proteins met these criteria.
The list of host proteins identified in VRCs was sorted based on both their cellular localization and molecular function (see Table 2 ). According to the functional annotation program DAVID (Huang et al., 2008; Huang et al., 2009) , less than 1% of the host proteins were ER-and approximately 14% chloroplast-associated in our proteome data. DAVID often places the same protein into several categories, e.g. based on both its cellular location and molecular function, which hampers the calculations. When all the proteins, whether having a localization or molecular function associated with chloroplasts, were combined manually, the amount of these proteins among all of the identified proteins raised to 25%. Among the most abundant ER proteins in the sample were Luminal binding protein 5 (BiP5) and calreticulin (Table S1 ). However, calreticulin, which is an HCpro binding partner (Shen et al., 2010) , did not meet all the criteria to enter the final list presented in Table 2 . Of the chloroplast-associated proteins e.g. chloroplastic glyceraldehyde-3phosphate dehydrogenase (GAPDH), carbonic anhydrase, a peripheral protein of the translocon at the chloroplast inner envelope, TIC110, and the outer envelope translocation channel,TOC75-3, were identified with high confidence (Table 2) . While the relevance of some identified proteins, like for HSP70, HSP90, HSP40, eEF1A and GAPDH, is already known in (+)RNA virus multiplication (Castorena et al., 2007; Davis et al., 2007; Huang and Nagy, 2011; Li et al., 2010; Okamoto et al., 2006; Tomita et al., 2003; Wang et al., 2009; Wang and Nagy, 2008; Weeks et al., 2010; Yi et al., 2011) , for most of the proteins the exact molecular function needs to be worked out in order to understand potyviral replication.
It has been suggested that potyviral VRCs contain ribosomes translating PVA RNA (Grangeon et al. 2010) . To compare the content of ribosomal proteins, we looked at each proteome individually with more relaxed parameters. Ribosomal proteins for which peptides were found in at least two biological replicates amounting to at least three peptides, one of them unique, were selected. LC-MS/MS data shows that 16 out of the 32 small and 38 out of the 47 large ribosomal subunit proteins fulfilled these criteria in the PVA-SC6K samples (Table 3) . Importantly, the MC-SC6K control membranes pulled down none of the small and only 1 out of the 47 large ribosomal subunit proteins (L7a-1). PVA-C6K control also contained ribosomes as many ribosomal proteins were identified (17/47, 3/32) but most of them were less abundantly present than in the PVA-SC6K samples. This data suggests that a small portion of VRCs were binding also unspecifically to the Strep-Tactin matrix. These data indicate that the ribosomal proteins were very specifically associated with membranes active in virus replication.
Discussion
The focus of this work was to reveal the protein composition of the potyviral VRCs.
To enable determination of the full viral and host protein content of the 6K2-induced membranous vesicles, we developed a purification strategy based on an affinity tag fused to 6K2 and exposed on the VRCs during PVA infection. Interesting questions relate to the orientation of 6K2 in the ER membranes. According to Lerich et al., (2011) TEV 6K2 consists of an N-terminal cytoplasmic domain of 23 amino acids, a transmembrane (TM) domain of 19 amino acids, and a C-terminal putatively luminal domain of 11 amino acids. Our data from the SC6K carrying the N-terminal 2xStrep-CFP fusion supports this orientation (see Fig.3 ). Achieving this orientation would require the insertion of the SC6K with its C-terminus first into the ER lipid bilayer.
The TM domain of potyviral 6K2 protein is located near the C-terminus, which is typical for the tail-anchored (TA) ER membrane proteins (reviewed in Johnson et al., 2013) . These proteins have a single C-terminal TM domain required to target them to and anchor in ER membrane. TA proteins form a topological group of membrane proteins, and like potyviral 6K2 protein, many of them are involved in vesicular transport (Ungar and Hughson, 2003) . The N-terminus of TEV 6K2 contains a D(X)E motif which is essential for ER exit of the 6K2-induced vesicles (Aniento et al., 2006; Hanton et al., 2005; Lerich et al., 2011) . However, the orientation question becomes more complicated when 6K2 is expressed from its natural context in the polyprotein.
It is likely that the 6K2-VPg-Pro precursor serves as a scaffolding protein in leading to formation of the vesicle structures capable of supporting viral replication (Beauchemin et al., 2007; Schaad et al., 1997; Thivierge et al., 2008) . In this context the 6K2 TM domain would not anymore be C-terminal. Therefore, the question of 6K2-VPg-Pro orientation, which is likely a key factor determining the site of replication either inside the vesicles or on their surface, remains open for further studies.
In our analysis we aimed to identify proteins from vesicles that contain PVA replication complexes. Despite many tries, we could not demonstrate RNA synthesis activity within the purified PVA-SC6K vesicles. Nevertheless, approximately a 9-fold enrichment of PVA (+)-strand RNA was observed in PVA-SC6K compared to the PVA-C6K eluates. This demonstrates that major part of PVA RNA detected in PVA-SC6K was there because of tag-specific purification. As demonstrated by EM analysis of the eluates (see Fig. 5 ) some PVA particles were purified due to unspecific binding of particles to Strep-Tactin matrix, which likely explains the presence of PVA RNA in PVA-C6K eluate. The statistically significant difference in the fold of PVA RNA enrichment together with the presence of PVA (-)strand RNA in PVA-SC6K eluates suggests that PVA-SC6K sample likely contains membranes active in replication.
All PVA proteins except the PIPO-part of P3N-PIPO were detected in PVA-SC6K eluates. Therefore the two peptides from the P3N-region, which are common both for the P3 and P3N-PIPO, are with high probability derived from P3 protein. Due to very low amount of P1 peptides in LC-MS/MS data we do not consider P1 to be specifically present. Because PVA particles were co-purified, CP was present partially un-specifically. CP was, however, enriched 3.6 fold compared to PVA-C6K control and therefore it is a borderline case whether it should be regarded to be present in VRCs. P1, CP and P3N-PIPO are the three proteins that are not needed for potyviral replication (Mahajan et al., 1996; Verchot and Carrington, 1995; Wen and Hajimorad, 2010) , which is supported by our findings. Peptides derived from HCpro and CI were abundantly found in the PVA-SC6K eluates and they were enriched 68-and 45-fold in comparison to PVA-C6K control, respectively. The presence of CI and HCpro in the PVA-C6K control may partially even result from the virions being un-specifically co-purified, as both CI and HCpro have been located at one of the extremities of PVA particles (Gabrenaite-Verkhovskaya et al., 2008; Torrance et al., 2006) . The presence of NIb, VPg and NIa-Pro is a prerequisite to state that VRCs have been purified. All these were found unquestionably from the PVA-SC6K eluates. As the P3 of TEV has previously been shown to form punctate inclusions that co-localized with the 6K2 vesicles (Cui et al., 2010) protein P0 was present in the VRC proteome. In our earlier work we have identified P0 from PVA RNP complex associated with replication membranes and shown it to be essential for PVA RNA and virion accumulation in infection (Hafrén et al., 2013) .
Despite the fact that the PVA-SC6K induced vesicles were not found to associate with chloroplasts in the same way as the PVA-6KY vesicles when imaged by confocal microscopy, 25% of the host proteins in the final proteome were categorized as chloroplast-associated proteins. In the light of the proteome data it is therefore conceivable that PVA replication within the SC6K-containing vesicles occurs in association with chloroplasts and there is no contradiction with the previous literature stating that disrupting VRC-chloroplast fusion is detrimental for potyviral replication (Wei et al., 2013) . Several host factors that are linked with potyviral replication and localize to potyviral VRCs (reviewed in Revers and García, 2015) were identified. From these host factors HSP70 was the host protein most abundantly found in the samples. Moreover, eEF1A and initiation factor 4A (IF4A) were both found from the VRC proteome confirming the previous findings. Many other cellular proteins with a confirmed role in (+)RNA virus replication were identified. GAPDH, which is essential for determination of (+) / (-)RNA synthesis ratio during tombusvirus infection (Huang and Nagy, 2011) , is an example of such a protein. In summary, we conclude PVA-SC6K sample consists mostly of purified VRCs and the host proteins associated may have relevance in PVA replication. The next essential step will be to screen for those host proteins which have a role in PVA multiplication and to further analyze the detailed molecular function of each host protein.
Experimental procedures:
Plants, growth conditions, agroinfiltration Nicotiana benthamiana was kept under greenhouse conditions with 22 °C day time and 18 °C night time temperatures. Plants were infiltrated with Agrobacterium tumefaciens in infiltration buffer (10 mM MES, 10 mM MgCl2, 150 M acetosyringone) at four to six leaf stage as described in Eskelin et al., (2010) .
Systemically infected plant leaves were harvested at 10 days after agroinfiltration (DPI), locally expressed constructs were harvested 4 days after agroinfiltration.
Constructs
Viral-and protein expression constructs used in this study were based on the fulllength infectious cDNA copies of PVA strain B11 (GenBank accession number AJ296311).
PVA-C6K
CFP-6K2 fusion sequence was amplified from pSITEII-2C1 vector using primers XbaKpnCer, which adds XbaI and KpnI restriction sites in front of the cerulean sequence, and 6KR_Mlu, which adds MluI restriction site at the 3'-end of 6K2 sequence (Table S2 ). The PCR product was cloned to pGEM-T Easy vector producing pGEM-T Easy::Cerulean-6K2 vector.
SacII and MluI sites were used to transfer CFP-6K2 from pGEM-T Easy to pUC18::PVA WT between NIb and CP sequence resulting in pUC18::PVA-Cerulean-6K2 (pUC18::PVA-C6) vector. PVA-Cerulean-6K2 was cloned to pRD400::PVA WT agro vector using SalI and AgeI restriction sites resulting in pRD400::PVA-CFP-6K2 (PVA-C6K) vector.
PVA-SC6K
Twin Strep-tag II (2xStrep) 
PVA-6KY
The potyviral 6K2 protein was PCR amplified from the PVA genome and inserted into pGWB41. The 6K2-YFP fusion was then amplified from the pGWB41-6K2 plasmid with primers Afl_6K and YFP_R (Table S2) , which introduced AflII and MluI restriction sites in front and at the end of 6K2-YFP. These restriction sites were used to clone the PCR fragment to the icDNA of PVA in pUC18 vector. From there the complete PVA icDNA with CaMV 35S promoter and nos terminator was cloned to pRD400 binary vector using KpnI and SalI restriction sites yielding PVA-6KY construct.
NIa protease cleavage sites flanked all insertions in between NIb and CP genes.
MC-SC6K
The control construct 2xStrep-CFP-6K2 was constructed as follows: 2xStrep-CFP-6K2 sequence was amplified from pGEM-T Easy::2xStrep-CFP-6K2 vector using primers 2xStrep_ATG_Xho_Fw and 6K2_stop_Bam_Rev (Table S2) The correctness of all constructs was confirmed by sequencing.
Sample preparation
For LC-MS/MS analysis the vesicles were prepared as follows: 10 g of Nicotiana benthamiana leaves were homogenized in sampling buffer (13% sucrose, 50 mM Tris-HCl, 10 mM KCl, 3 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.3% dextran, 0.1% BSA, pH 8) in the ratio of 1 g of leaves to 3 ml of buffer yielding 30 ml of sample.
Initial centrifugation of homogenized material was carried out at 3000 g for 10 min at 4°C. Resulting supernatant, 13 ml per centrifugation tube, was loaded on top of discontinuous sucrose gradient (from the bottom: 8 ml 45%; 9 ml 30%; 9 ml 20%).
Ultra centrifugation of samples on sucrose gradient was carried out in Beckman-
Coulter SW-28 rotor at 25 000 rpm (rav approximately 83 000 x g) for 5 hours at 4°C. Fraction enriched in CFP signal (fraction 5), was used in the affinity purification step.
Fraction 5 from two ultra-centrifugation tubes, 5 ml each, was combined. All samples were done in three biological replicates.
Affinity purification
Avidin (100 µg/ml) was added to the fraction of interest from ultracentrifugation and the sample was incubated on ice for 10 min. Affinity chromatography was carried out at room temperature by letting the sample flow through 0.5 ml (initially 1 ml of 50% slurry) of Strep-Tactin ® Sepharose (IBA) resin by gravity flow. The column was washed with 5 ml (10x column bed volume) of ice-cold washing buffer (50 mM Tris-HCl, 10 mM KCl, 3 mM MgCl2, pH 8). Samples were eluted with 2 ml of ice-cold washing buffer containing 1 mM biotin (Thermo Scientific). Samples were concentrated using Amicon ® Ultra-4 Centrifugal Filter Units (Merck Millipore) with 10 kDa cut-off limit.
Electron microscopy
Thin sections were prepared as follows: infected leaf sample was taken under 0.1 M phosphate buffer (NaPO4 pH 7.4). Leaf discs were de-gassed in 0.1 M phosphate buffer containing 2.5% glutaraldehyde and left for fixation at room temperature for 2 hours. After washing with 0.1 M phosphate buffer the samples were osmicated in the same buffer containing 1% OsO4 for 1 hour at room temperature. The samples were then dehydrated with ethanol and acetone and embedded in Epon 812 (Taab Laboratories, Reading, UK). 90 nm sections were post-stained with 2% uranyl acetate and Reynold's lead-citrate. For negative staining of purified vesicles the sample was prepared as for LC-MS/MS, with the exception that elution was carried out with washing buffer containing 2.5 mM desthiobiotin. Purified vesicle samples were viewed on Jeol 1400 transmission electron microscope. 1% phosphotungstic acid was used as the negative staining agent for purified 6K2-membrane samples.
Confocal microscopy
Confocal laser scanning microscopy was performed on a Leica TCS SP5II confocal microscope. Systemically infected N. benthamiana leaves were selected for confocal microscopy analysis 10 DPI for PVA icDNA constructs or locally infiltrated N.
benthamiana leaves 4 DPI for the MC-SC6K construct. Small discs were cut from the N. benhtamiana leaves, mounted between cover and objective glass, immersed in water, and viewed with 20X objective. YFP excitation was carried out using argon laser at 514 nm while emission was recorded at 525-555 nm (DD 458/514 beam splitter). CFP excitation was carried out using argon laser at 458 nm while emission was recorded at 470-500 nm. Images represent 5 µm Z-stacks taken at 1 µm intervals. All images were deconvoluted using Autoquant X3 software and the presented images were obtained using Imaris software.
RT-PCR
Total RNA was extracted from 200 ul of sample using Trizol (Thermo Fisher Scientific) and taken up in 20 ul of nuclease free water. The purified RNA was DNase treated for 10 min at room temperature using 1 µl of DNaseI (1U/µl) and RDD buffer (Qiagen). cDNA was synthesized from 4 µl of RNA using Superscript III reverse transcriptase (Life technologies). Primer RT_CPminus_F was used to detect PVA genomic RNA of negative polarity and primer RT_CPplus_R to detect PVA genomic RNA of positive polarity (Table S2 ). Phusion polymerase (Finnzymes) with the same RT primers was used to amplify the coding region of PVA CP gene.
Quantitative real-time PCR
RNA was extracted using Trizol (Thermo Fischer Scientific) from 100 µl of input and affinity purified sample in three biological replicates for each construct and taken up in 20 µl of nuclease free water. The purified RNA was DNase treated for 10 min at room temperature using 1 µl of DNaseI (1U/µl) and RDD buffer (Qiagen). cDNA was synthesized from 5 µl of purified RNA using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific) and random hexamers. Quantitative real-time PCR was performed using Maxima SYBR Green qPCR kit (Thermo Scientific) and primers specific to PVA CP sequence, namely qPCR_CP_F and qPCR_CP_R (Table S2 ). Database searches were limited to fully tryptic peptides with maximum one missed cleavage. Web based bioinformatics database DAVID (Huang et al., 2008; Huang et al., 2009 ) was used as a guide for the classification of the proteins. For ribosomal protein lists the TAIR IDs of discovered proteins were submitted to DAVID functional annotation tool and the proteins classified as "ribosomal protein" were selected for the ribosomal protein lists. Wei, T. and Wang, A. (2008) Supporting information Table S1 . Lists all of the unique proteins with Sum PSM and Peptides and Unique peptides. Table S2 . List of primers used in this study. 
Protein identification by LC-MS/MS and Proteome analysis
